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SUMMARY 
Th is  e f f o r t  summarizes t h e  work performed on a steam cooled,  r i c h - b u r n  
p r i m a r y  zone, v a r i a b l e  geometry combustor designed f o r  combust ion o f  n i t r o g e -  
nous f u e l s  such as heavy o i l s  o r  s y n t h e t i c  c rude  o i l s .  The steam c o o l i n g  was 
employed t o  de te rm ine  i t s  f e a s i b i l i t y  and assess i t s  use fu lness  as p a r t  o f  a 
ground based gas t u r b i n e  bo t tom ing  cyc le .  
employed t o  demonstrate i t s  a b i l i t y  t o  c o n t r o l  p r imary  and secondary zone 
equ iva lence  r a t i o s  and o v e r a l l  pressure drop.  Both concepts proved t o  be 
h j g h f y  successfu! !r! ach!ev!ng thp!r r(ps!red c b j e c t i v ~ c .  The steam c o o l i n g  
reduced peak l i n e r  temperatures t o  l ess  t h a n  800 K. This l ow  temperature 
o f f e r s  t h e  p o t e n t i a l  o f  b o t h  l o n g  l i f e  and reduced use o f  s t r a t e g i c  m a t e r i a l s  
f o r  1 i n e r . f a b r i c a t i o n .  Three degrees o f  v a r i a b l e  geometry were s u c c e s s f u l l y  
employed t o  c o n t r o l  a i r  f l o w  d i s t r i b u t i o n  w i t h i n  t h e  combustor. A v a r i a b l e  
b l a d e  a n g l e  a x i a l  f l o w  a i r  s w i r l e r  was used t o  c o n t r o l  p r l m a r y  zone a i r  f l o w ,  
u h l f e  t h e  secondary and t e r t i a r y  z m e  a i r  f l o w s  were cnntro!!~d hy r o t a t i n g  
bands which r e g u l a t e d  a i r  f l o w  t o  the secondary zone quench h o l e s  and t h e  d i l u -  
t i o n s  h o l e s  r e s p e c t i v e l y .  
V a r i a b l e  combustor geometry was 
INTROOUCTION 
Clean cornbustion o f  n i t rogenous  f u e l s  i n  gas t u r b i n e  combustors p resen ts  
some un ique  des ign  problems ( r e f .  1 ) .  The conven t iona l  approach t o  d e a l i n g  
w i t h  ox ides  o f  n i t r o g e n  (NOx)  emissions, l e a n  combustion, does n o t  work w e l l ,  
as demonstrated i n  r e f e r e n c e  2 and others,  where f u e l  bound n i t r o g e n  convers ion  
r a t e s  o f  n e a r l y  100 p e r c e n t  have been r e p o r t e d .  
However, t h r e e  s tage  cornbustion can s i g n i f i c a n t l y  reduce emissions o f  NO, 
f rom n i t r o g e n o u s  f u e l s  ( r e f s .  3 t o  5 ) .  I n  t h i s  approach, t h e  p r imary  zone i s  
ma in ta ined  f u e l  r i c h  th roughou t  t h e  o p e r a t i n g  c y c l e  o f  t h e  engine. The second- 
a r y  zone i s  ope ra ted  f u e l  l e a n  as i s  t h e  t e r t i a r y  zone. The o p e r a t i o n a l  con- 
c e p t  o f  t h i s  p r i n c i p l e  i s  t h a t  f u e l  bound n i t r o g e n  i s  conve r ted  t o  N and N2 
i n  t h e  p r i m a r y  zone as t h e  l i m i t e d  amount o f  oxygen p r e s e n t  i s  t aken  by t h e  
hydrogen and carbon. The secondary zone i s  t h e n  operated a s  a l e a n  bu rn  com- 
b u s t o r  t o  p r e v e n t  t h e  f o r m a t i o n  o f  NO,. 
To accompl ish t h e  t i g h t  equiva lence r a t i o  c o n t r o l  r e q u l r e d  t o  make t h i s  
r i c h / l e a n  approach work ( r e f .  6 ) ,  a unique t h r e e  stage v a r i a b l e  geometry com- 
b u s t o r  was employed ( n o t e  f f g .  1 ) .  The p r i m a r y  zone equ iva lence  r a t l o  was con- 
t r o l l e d  th rough  t h e  use o f  a v a r i a b l e  vane i n l e t  a i r  s w l r l e r .  T h i s  f i g u r e  a l s o  
shows t h e  v a r i a b l e  area quench holes used t o  c o n t r o l  secondary equ iva lence  r a t i o  
and t h e  v a r i a b l e  a rea  t e r t i a r y  ho les used t o  c o n t r o l  o v e r a l l  p ressu re  drop.  
U n l i k e  a conven t iona l  combustor p r i m a r y  zone, a r i c h - b u r n  p r i m a r y  zone 
F i l m  c o o l i n g  a i r  p e r m i t s  some o f  t h e  p r i m a r y  cannot t o l e r a t e  f i l m  c o o l i n g .  
zone charge t o  bu rn  a t  o r  near s t o i c h i o m e t r i c  t hus  n e g a t i n g  some o f  t h e  bene- 
f i t s  o f  r i c h - b u r n  combustion and tends t o  i n c r e a s e  l i n e r  d u r a b i l i t y  problems 
by c r e a t i n g  h i g h e r  gas temperatures near  t h e  w a l l .  To s o l v e  t h i s  problem, a 
steam coo led  p r imary  zone l i n e r  was employed. I n  a t y p i c a l  ground/sh ip power 
a p p l i c a t i o n ,  a b o i l e r  would be used i n  t h e  engine exhaust t o  e x t r a c t  a d d i t i o n a l  
hea t  energy, which would then  be used i n  a bo t tom ing  c y c l e .  We chose t o  
I n c r e a s e  t h e  e f f i c i e n c y  o f  t h a t  c y c l e  by super h e a t i n g  t h e  b o i l e r  steam b e f o r e  
i t  i s  used elsewhere I n  t h e  system. 
Both number 4 h e a t i n g  o i l  and S R C - I 1  m i d d l e  d i s t i l l a t e  f u e l s  were used i n  
t h i s  program. I n  a d d i t i o n ,  some l i m i t e d  t e s t i n g  was a l s o  done w i t h  a s i m i l a r  
s i z e  f i x e d  geometry combustor f o r  performance comparison. 
Another un ique f e a t u r e  o f  t h i s  apparatus b u i l t  b u t  n o t  eva lua ted ,  was t h e  
i n s t a l l a t i o n  o f  a v i sb reake r  i n  t h e  i n l e t  f u e l  l i n e  t o  t h e  combustor. The 
v i s b r e a k e r s  f u n c t i o n  was t o  use some o f  t h e  super heated steam generated by t h e  
combustor p r i m a r y  zone t o  break down t h e  heavy o i l  b e f o r e  i n j e c t i n g  i t  i n t o  t h e  
combustor. T h i s  approach improves f u e l  a t o m i z a t i o n  by r a i s i n g  t h e  f u e l  temper- 
a t u r e  and by b reak ing  down t h e  heavy o i l  i n t o  l i g h t e r  o i l s ,  which a r e  more 
e a s i l y  vapor i zed  due t o  t h e i r  lower  v i s c o s i t y .  
APPARATUS AND PROCEDURE 
Tes t  R i g  
A c losed  d u c t ,  h i g h  pressure,  n o n v i t i a t e d  t e s t  f a c i l i t y  was u t i l i z e d  f o r  
t h i s  e f f o r t .  Simulated ground power t e s t  c o n d i t i o n s  r a n g i n g  f r o m  i d l e  t o  f u l l  
power c o u l d  be ob ta ined  a t  f u l l  pressure,  temperature and f l o w s .  Spec ia l  
f a c i l i t y  equipment i n c l u d e d  connect ions t o  t h e  Research C e n t e r ' s  c e n t r a l  steam 
h e a t i n g  system t o  p r o v i d e  steam c o o l i n g  o f  t h e  r i c h  burn combustor p r i m a r y  
zones, and s p e c i a l  s torage and h a n d l i n g  f a c i l i t i e s  f o r  t h e  SRC-11, s o l v e n t  
r e f i n e d  c o a l  f u e l .  Water cooled condensers were i n s t a l l e d  downstream o f  t h e  
combustor i n  t h e  steam system t o  p r o v i d e  steam f l o w  f o r  c o o l i n g  t h e  combustor 
p r i m a r y  zone. I n  an engine i n s t i l l a t i o n ,  a t u r b i n e  would be i n c o r p o r a t e d  
between t h e  combustor and condenser. The condensate then  passed th rough  steam 
t r a p s  t o  t h e  c e n t r a l  steam condensate r e t u r n  system. A s imp le  pe t ro leum v i s -  
b reake r  was a l s o  i n s t a l l e d  b u t  n o t  t e s t e d .  Th is  was a c o u n t e r f l o w  hea t  
exchanger c o n s i s t i n g  o f  two c o n c e n t r i c  tubes.  The i n n e r  tube  was t o  supply  
heavy o i l  t o  t h e  combustor w h i l e  t h e  o u t e r  p i p e  c a r r i e d  t h e  superheated com- 
b u s t o r  c o o l i n g  steam t o  t h e  condensers. The v i sb reake r  was In tended  t o  a i d  
combust ion o f  v e r y  heavy o i l s  by reduc ing  t h e i r  v i s c o s i t y ,  t hus  i n c r e a s i n g  
a t o m i z a t i o n .  b e f o r e  combustion. 
The combust ion s e c t o r  r i g  i s  shown s c h e m a t i c a l l y  i n  f i g u r e  2 ( a )  and p i c -  
t o r i a l l y  i n  f i g u r e  2 (b ) .  I n  o p e r a t i o n ,  a i r  I s  metered and then  e n t e r s  an 
i n d i r e c t  f i r e d  preheater  where i t  I s  heated t o  t h e  d e s i r e d  temperature,  which 
i n  these  t e s t s  d i d  no t  exceed 665 K a t  t h e  t e s t  s e c t i o n .  Upon h e a t i n g  t h e  a i r  
en te red  an i n l e t  plenum where t h e  combustor i n l e t  temperature and p ressu re  were 
measured. Fuel ,  a i r  a s s i s t  n o z z l e  a i r ,  and t h e  aforement loned combustor steam 
c o o l i n g  l i n e s  a l l  share t h i s  plenum downstream of t h e  i n l e t  i n s t r u m e n t a t i o n  
s t a t i o n .  
housing w h i l e  t h e  v a r i a b l e  geometry combustor used a 35.6 d iamete r  
The f i x e d  geometry hardware used a 27.3 d iameter  by 1.27 cm w a l l  
2 
by 1.51 cm w a l l  housing.  The l a r g e r  s i z e  p i p e  was n e c e s s i t a t e d  by t h e  v a r i a b l e  
geometry a c t u a t i o n  mechanism and t h e  steam c o o l i n g  l i n e  plumbing. An exhaust 
i n s t r u m e n t a t i o n  s e c t i o n  f o l l o w e d  t h e  t e s t  s e c t i o n .  Exhaust i n s t r u m e n t a t i o n  
i n c l u d e d  40 p l a t i n u m  - plat inum-13-percent-rhodium thermocouples mounted f i v e  
t o  a r a k e  on c e n t e r s  of  equal  area, s t a t i c  p ressu re  taps ,  and a 10 p o i n t  
c e n t e r s  o f  equal  area gas sample probe. Remote c o n t r o l  va l ves  were used 
upstream and downstream o f  t h e  r i g  t o  p r o v i d e  f l o w  and p ressu re  c o n t r o l .  
T e s t  Hardware 
F i x e d  geometry combustor. - A p r o d u c t i o n  t y p e  bu rne r  can was used f o r  t h e  
f i x e d  geometry can e v a l u a t i o n .  Thls  can i s  about 45-cm l o n g  and 17-cm i n  diam- 
e t e r  and i s  s u p p l i e d  w l t h  a thermal  b a r r i e r  c o a t i n g  on t h e  i n s i d e  s u r f a c e .  The 
c r o s s f i r e  t u b e  p o r t  was plugged f o r  t h l s  t e s t  s e r i e s .  Twenty Chromel-Alumel 
thermocouples were i n s t a l l e d  t o  mon i to r  l i n e r  temperatures.  
V a r i a b l e  geometry combustor. - This  hardware was s p e c i f i c a l l y  designed t o  
address t h e  f u e l  bound n i t r o g e n  FEN convers ion  problem. I t  i s  advanced tech-  
a b l e  geometry combustor. An assembled v iew o f  t h i s  combustor i s  shown I n  
f i g u r e  3 w h i l e  d e t a i l e d  views o f  t h e  combustor components a r e  shown i n  
f i g u r e  4. - I t  f e a t u r e s  t h r e e  degrees o f  v a r i a b l e  geometry t o  c o n t r o l  p r imary  
and secondary s t o i c h i o m e t r i e s  and o v e r a l l  p ressu re  l o s s .  The p r i m a r y  zone 
s t o i c h i o m e t r y  was c o n t r o l l e d  by va ry lng  t h e  vane ang le  o f  a v a r i a b l e  p i t c h  
vane, a x t a l  f l o w  a i r  5W:r:er located a t  t h e  7niet  t o  t h e  prli i idry zone. The 
secondary s t o i c h i o m e t r y  was c o n t r o l l e d  by c i r c u m f e r e n t l a l l y  r o t a t i n g  a band 
which would expose o r  c l o s e - o f f  t h e  quench ho les  l o c a t e d  a t  t h e  i n l e t  t o  t h e  
secondary zone, w h i l e  t h e  o v e r a l l  pressure l o s s  was c o n t r o l l e d  by c i r cumfe ren -  
t l a l l y  r o t a t i n g  a band which would expose o r  c l o s e  o f f  t h e  d i l u t i o n  ho les  
l o c a t e d  a t  t h e  i n l e t  t o  t h e  t e r t i a r y  zone. F i g u r e  1 h i g h l i g h t s  t h e  l o c a t i o n s  
o f  t h e  combust ion zones and t h e  v a r l a b l e  geometry p r o v i s i o n s .  T h i s  f i g u r e  
a l s o  shows t h a t  t h i s  combustor i s  a composite o f  components. The p r imary ,  
secondary and t e r t i a r y  o r  d i l u t i o n  zone a r e  d i s c r e t e  p i e c e s  o f  hardware which 
a r e  shown i n  f i g u r e  4. T h i s  hardware a l s o  f e a t u r e s  a shroud around t h e  second- 
a r y  and t e r t i a r y  zones t o  i n c r e a s e  the backs ide c o n v e c t i v e  c o o l i n g  by i n c r e a s -  
i n g  t h e  backs ide a i r  v e l o c l t y .  The combustor was c o n s t r u c t e d  o f  Has te l l oy -X  
f o r  a l l  t h e  f l ame c o n t a c t  su r faces .  The secondary and t e r t i a r y  zones were 
coated on t h e  h o t  gas s i d e  w i t h  a thermal b a r r i e r  c o a t i n g  c o n s i s t i n g  o f  an 
undercoat  of 0.127-mm N i A l Y  and an over c o a t  o f  0.381 mm Zr02 8Y-203. Type 
304 s t a i n l e s s  s t e e l  was used f o r  t h e  secondary and t e r t i a r y  shrouds and t h e  
e x t e r i o r  of t h e  steam c o o l i n g  j a c k e t  f o r  t h e  p r imary  zone. 
A Sonic  Development C o r p o r a t l o n  Son lco re l  a i r  a s s i s t  f u e l  n o z z l e  Model 
188J was used f o r  a l l  t h e  t e s t i n g  w l t h  t h e  v a r i a b l e  geometry hardware. F i g u r e  1 
shows such a n o z z l e  i n s t a l l e d .  
R C ~ C G ~  h s r d ~ r e  u h l c h  ~ t l l l ~ e s  6 s t e i i i~   COO:^^ T : C ~  biii-ii pri i i i i i i -y a i d  v a r j -  
Other  un ique f e a t u r e s  o f  t h l s  hardware a r e  i t s  steam cooled, r i c h - b u r n  
p r i m a r y  zone and t h e  r i c h - b u r n  r e l a t e d  i g n i t o r  sea l .  To c o o l  t h e  p r imary  zone 
l N A S A  use does n o t  i m p l y  endorsement. 
3 
l i n e r  0.79-MPa s a t u r a t e d  steam was i n t r o d u c e d  on t h e  backs ide o f  t h e  p r i m a r y  
zone combustor l i n e r  a t  i t s  downstream end where i t  was man i fo lded  i n t o  a na r -  
row 0.38-cm annu la r  channel .  Th i s  channel  extended a l o n g  t h e  backs ide  o f  t h e  
l i n e r  a t  c o n s i s t e n t  h e i g h t  u n t i l  i t  reached t h e  f r o n t  end o f  t h e  p r i m a r y  zone 
where t h e  steam was c o l l e c t e d  f o r  d e l i v e r y  o u t  o f  t h e  combustor cas lng .  Twenty 
0.32-cm w l r e s  d i v i d e d  t h e  steam i n t o  20 s p i r a l  f l o w  passages w i t h i n  t h i s  
annu la r  channel .  Dur ing h o t  ope ra t l on ,  t he rma l  expansion o f  t h e  Has te l l oy -X  
i n n e r  l i n e r  would cause t h e  gap between t h e  w i r e s  (wh ich  were a t t a c h e d  t o  t h e  
H a s t e l l o y )  and t h e  o u t e r  c o o l e r  s t a i n l e s s  s t e e l  s h e l l  t o  go t o  zero c lea rance ,  
e f f e c t l v e l y  d i v i d i n g  t h e  steam f l o w  i n t o  20 s p i r a l  passages. 
w i r e s  s p i r a l e d  one-hal f  r e v o l u t i o n  around t h e  s u r f a c e  o f  t h e  Has te l l oy -X  l i n e r .  
F i g u r e  5 i s  an x-ray v iew  o f  t h e  steam channels i n  t h e  v i c i n i t y  o f  t h e  i g n i t o r .  
T h i s  s e a l i n g  was conf i rmed by t h e  o b s e r v a t l o n  o f  minor  o x i d a t l o n  o f  t h e  s t a i n -  
l e s s  s t e e l  backs ide  l i n e r  f rom c o n t a c t  w l t h  t h e  channel w i r e s .  
These 0.32-cm 
A f u r t h e r  unique f e a t u r e  o f  t h i s  hardware i s  t h e  i g n i t o r  s e a l .  Th i s  sea l  
c o n s i s t e d  o f  a 1.59 by 0.68-cm copper tube  which was threaded a t  b o t h  ends and 
was about 6.5-cm long. One end screwed i n t o  t h e  steam cooled l i n e r .  The 
i g n i t o r  was i n s e r t e d  down t h e  c e n t e r  o f  t h e  tube, which was chamfered a t  t h e  
housing end t o  p r o v i d e  volume f o r  pack ing.  A pack ing  n u t  was then  used t o  
p r o v i d e  t h e  s e a l .  The p r imary  zone was anchored t o  t h e  housing i n  t h e  same 
a x i a l  p lane  as t h e  i g n i t o r  t o  m in im ize  a x i a l  thermal  expansion a f f e c t s ,  t h e  
pack ing  p e r m i t t i n g  r a d i a l  thermal  expansion. The copper p r o v i d e d  conduc t l ve  
c o o l i n g  f o r  b o t h  the  l i n e r  a t  t h a t  l o c a t i o n  and t h e  i g n i t o r  t o  t h e  i n l e t  a i r .  
N i c k e l  was p l a t e d  onto t h e  o u t e r  s u r f a c e  o f  t h e  copper t o  p r o v i d e  o x i d a t i o n  
r e s i s t a n c e .  
L i n e r  I n s t r u m e n t a t i o n  
Twenty-one Chromel-Alumel thermocouples were i n s t a l l e d  t o  m o n i t o r  l i n e r  
temperatures,  e i g h t  on b o t h  t h e  p r imary  and secondary zone and f i v e  on t h e  
t e r t i a r y  zone. A s t a t i c  p ressu re  t a p  was a l s o  l o c a t e d  i n  each combustor zone 
t o  p r o v i d e  p ressu re  drop i n f o r m a t i o n  f o r  c a l c u l a t l n g  a i r  f l o w  i n t o  each com- 
b u s t o r  zone. 
Test Cond i t i ons  
A s  ground power gas t u r b l n e  englnes g e n e r a l l y  have compresslon r a t i o s  o f  
about 1 2 : 1 ,  o p e r a t i n g  c o n d i t i o n s  r e p r e s e n t a t l v e  o f  a 12 : l  p ressu re  r a t i o  engine 
were chosen. Table I desc r lbes  these c o n d l t i o n s ,  which range f r o m  i d l e  t o  f u l l  
power. 
Fuel  System and Tes t  Fuels  
Due t o  s p e c l a l  h a n d l i n g  r e q u i r e d  o f  most of t h e  f u e l s  t e s t e d ,  which 
i n c l u d e d  h e a t i n g  o i l  and S R C - I 1  m i d - d i s t i l l a t e ,  separate f u e l  systems were used 
f o r  each. The number 4 h e a t l n g  o i l  used i n  t h i s  t e s t l n g  was a b lend  o f  number 
2 h e a t i n g  o i l ,  a d l s t l l l a t e ,  and number 6 h e a t i n g  011, a r e s i d u a l  f u e l  o i l ,  
r a t h e r  than  number 4 d i s t l l l a t e  h e a t l n g  o i l .  I t  t h e r e f o r e  con ta ined  cons ide r -  
a b l e  p a r t i c u l a t e  m a t t e r .  
4 
RESULTS AND DISCUSSION 
New Combustor Technology 
I n  an e f f o r t  t o  m in im ize  exhaust emissions f rom b u r n i n g  n i t r o g e n  r i c h  
f u e l s  such as heavy pe t ro leum and s y n t h e t i c  f u e l s ,  i t  was found t h a t  new tech -  
no logy  needed t o  be developed. 
cooled combustor l i n e r s  was found t o  p r o v i d e  ve ry  h i g h  convers ions o f  f u e l  
bound n i t r o g e n  t o  NO,. Converslon r a t e s  up t o  100 pe rcen t  have been r e p o r t e d  
( r e f .  2 ) .  Computer mode l l i ng ,  conf i rmed by exper imen ta t i on ,  I n d i c a t e d  t h a t  
r i c h - b u r n  n o n f i l m - c o o l e d  combust ion f o l l o w e d  by a r a p i d  t r a n s i t i o n  t o  l e a n  bu rn  
f i l m  coo led  l i n e r  t echno logy  would p rov ide  ve ry  low convers ions o f  f u e l  bound 
n i t r o g e n  t o  NO, ( r e f .  7 ) .  R ich bu rn  combustion, however, p r e s e n t s  two s i g n i -  
f i c a n t  cha l l enges .  The f i r s t  i s  t h a t  v e r y  h i g h  l i n e r  hea t  l o a d i n g s  a r e  gener-  
a t e d  i n  t h e  r i c h - b u r n  p r imary  zone due i n  p a r t  t o  t h e  p r o h i b i t i o n  on f i l m  
c o o l i n g .  The second c h a l l e n g e  i s  the r e l a t i v e l y  narrow range o f  equ iva lence  
r a t i o  a t  which l o w  n i t r o g e n  convers ion occurs.  This  narrow range p r o b a b l y  
n e c e s s i t a t e s  some means o f  c o n t r o l l i n g  p r imary  and secondary equ iva lence  r a t i o s .  
Th is  t e s t i n g  was d i r e c t e d  a t  address ing t h e  r i c h - b u r n  p r i m a r y  zone l i n e r  c o o l -  
s ions  b e n e f i t s  o f  r i c h - l e a n  cornbustion which was demonstrated p r e v i o u s l y  i n  
r e f e r e n c e  6. 
Convent ional  l e a n  burn combust ion w i t h  f i l m  
!ncJ and eq!!!va!ence rat!n cnntrc !  prnb!oms, as nppnsod t n  emphas!z!ng t h e  em!s- 
Steam coo led  r i c h - b u r n  p r i m a r y  zone. - I n  a ground power a p p l i c a t i o n  where 
a steam bo t tom ing  c y c l e  would t y p i c a l l y  be used, a steam cooled,  r i c h  bu rn  
p r i m a r y  zone which doubles as a steam superheater  i s  a unique f e a t u r e  which  
c o u l d  b e n e f i t  b o t h  c y c l e s .  I n  t h i s  a p p l i c a t i o n ,  no power was a c t u a l l y  e x t r a c t e d  
f r o m  t h e  steam b u t  I t s  energy l e v e l  was moni tored.  The steam f l o w  r a t e  of 
0.169+0.003 kg/sec was c o n t r o l l e d  by t h e  steam condenser apparatus and was 
found t o  be v i r t u a l l y  independent o f  t e s t  c o n d i t i o n .  F i g u r e  6 shows t h a t  steam 
energy i n c r e a s e  v a r i e d  f rom about 30 000 t o  58 000 J/sec as a f u n c t i o n  o f  f u e l  
type,  power c o n d i t i o n ,  and equivalence r a t t o .  High power l e v e l s ,  i n c r e a s i n g  
equ iva lence  r a t i o s  and lower  pe rcen t  hydrogen f u e l s  a l l  produced steam energy 
i nc reases .  T h i s  i s  as expected as heat t r a n s f e r  r a t e s  g e n e r a l l y  i n c r e a s e  w i t h  
i n c r e a s i n g  pressure,  and i n c r e a s i n g  f lame e m i s s i v i t y .  Flame e m i s s i v i t y  tends 
t o  i n c r e a s e  w i t h  j n c r e a s i n g  pressure,  I n c r e a s i n g  equiva lence r a t i o ,  and 
I n c r e a s i n g  p e r c e n t  carbon i n  t h e  f u e l .  
As expected, steam p ressu re  l o s s  i n  t h e  combustor s h e l l  was found t o  be 
r e l a t i v e l y  h i g h  (8.3 p e r c e n t )  due t o  t h e  l ow  p ressu re  0.79 MPa steam a v a i l a b l e .  
It would be d e s i r a b l e  t o  use steam o f  about  1.6 MPa f o r  a combustor o p e r a t i n g  
a t  1.21 MPa. T h i s  would reduce t h e  steam p ressu re  l o s s  t o  a more accep tab le  
4 p e r c e n t .  I t  was n o t  t h e  i n t e n t  o f  t h i s  program t o  m ln im ize  t h e  steam p res -  
su re  l o s s ,  b u t  t o  demonstrate i t s  f e a s i b i l i t y .  Obvious ly  some a d d i t i o n a l  
r e d u c t i o n  can be made w i t h o u t  a f f e c t i n g  l i n e r  i n t e g r i t y .  
S ince  t h e  steam i s  be ing  superheated i n  t h e  process o f  c o o l i n g  t h e  p r i m a r y  
zone, t h e  e f f e c t  on o v e r a l l  c y c l i c  e f f i c i e n c y  should be q u i t e  m in ima l .  Even 
t h e  t o t a l  I n s t a l l a t i o n  c o s t  may n o t  be g r e a t l y  a f f e c t e d  by t h e  steam c o o l i n g  
system, as a s m a l l e r  superheated would be r e q u i r e d  on t h e  b o l l e r - s t e a m  t u r b i n e  
system as a r e s u l t  o f  t h e  d i r e c t  heat i n p u t  from t h e  combustor p r i m a r y  zone. 
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Related to steam pressure loss and energy increase, is steam cooled liner 
temperatures. 
equivalence ratio at the full power condition burning number 4 heating oil. 
Temperatures from two thermocouple locations are plotted, one on the upstream 
cone and one on the downstream cone (locations shown in fig. 1 ) .  Figure 7 
indicates upstream cone liner temperature was independent o f  overall primary 
equivalence ratio as it remained steady at 595 K .  At this same condition the 
downstream cone temperature peaked at a 1 . 4 5  overall primary zone equivalence 
ratio with a value of 794 K .  This relatively low liner temperature would 
permit the use of less exotic materials than the superalloys to be employed as 
rich burn combustor primary liner materials thus reducing the consumption of 
strategic materials. The flatness of the upstream cone temperature probably 
resulted from disintegration of the Sonicore fuel nozzle which lost its sonic 
cup. This nozzle was not intended to be operated at high ambient pressures, 
but has been used successfully by others. The loss of the sonic cup permitted 
fuel to jet down the center of the primary. It is thought that a lean local 
equivalence ratio thus existed in the forward one-third of the primary zone and 
rich combustion occurred in the last two-thirds. This is evidenced by the 
presence of a thin film of soot on the downstream two-thirds of the primary 
zone. This dusting of soot, was also present in the secondary and tertiary 
zones. The nozzle failure was fortuitous in that it provided a real "acid 
test" for the rich-burn primary zone. Due to the nozzle failure the liner 
encountered a wider range of heat fluxes including higher than anticipated 
values as the flame transitioned from lean to rich equivalence ratios, as 
opposed to only operating at rich equivalence ratios. 
Figure 7 shows liner temperatures as a function of primary 
Liner temperatures as a function of power level and fuel type are shown 
in figure 8.  This figure, as expected, indicates that liner temperatures 
increase with increasing power level and with increaslng percent carbon in the 
fuel. 
Variable geometry. - As mentioned earlier, this combustor had three 
degrees o f  variable geometry to provide independent equivalence ratio control 
to each combustion zone. All the variable geometry components performed well. 
Possible binding of variable geometry components due to oxidation or warpage 
did not materialize. 
Total pressure loss. - Figure 9 is a typical plot o f  hot flow total pres- 
sure loss as a function o f  axial length for the varlable geometry combustor. 
Most of the pressure drop was taken across the variable geometry air swirler 
which was used to promote rapid mixing in the rich-burn primary. It was 
intended that the next largest pressure drop should occur at the quench plane. 
It is obvious that did not occur. Secondary liner film cooling air was found 
excessive. This reduced the amount of air available for quenching, while main- 
taining a particular secondary zone equivalence ratio. Secondary film cooled 
liner temperatures at the full power condition ranged from 790 to 1045 K ,  as 
opposed to the design temperature of 1200 K .  
A comparison of percent total pressure loss as a function of power level 
comparing a fixed geometry production type can and the rich-burn variable geom- 
etry combustor Is shown in figure 10. Only the percent total pressure loss 
that was used for most o f  the varlable geometry data is presented in this 
figure. Total pressure loss at the full power condition was actually varied 
6 
f r o m  2.0 t o  3.6 p e r c e n t .  The t o t a  
d l t i o n  was v a r i e d  f r o m  2.25 t o  4.6 
be a v e r y  f l e x i b l e  t o o l .  
pressure l o s s  a t  t h e  50 p e r c e n t  power con- 
percent .  The v a r i a b l e  geometry proved t o  
Exhaust emiss ions.  - Exhaust emissions were a secondary measurement i n  
t h i s  t a s k  due t o  t h e  emphasis on p r imary  zone d u r a b i l i t y  and v a r i a b l e  geometry 
i n t e g r i t y .  Exhaust emissions o f  NOx were r e l a t i v e l y  h i g h ,  about  comparable 
t o  t h a t  o f  t h e  l o w e s t  f i x e d  geometry combustor emiss ions.  The h i g h  NOx emis- 
s ions  a r e  a t t r i b u t e d  t o  seve ra l  f a c t o r s .  F i r s t  was t h e  d i s i n t e g r a t i o n  o f  t h e  
n o z z l e  t i p  on t h e  Son ico re  f u e l  nozz le which p e r m i t t e d  f u e l  t o  j e t  down t h e  
c e n t e r  o f  t h e  combustor. T h i s  f u e l  j e t t i n g  p e r m i t t e d  l e a n  cornbustion t o  occur 
i n  t h e  f r o n t  t h i r d  o f  t h e  r i c h - b u r n  p r imary  p r i m a r y  zone thus  n e g a t i n g  t h e  bene- 
f i t s  o f  r i c h - b u r n  combustion. The second f a c t o r  was a r e l a t i v e l y  i n e f f e c t i v e  
quench zone l o c a t e d  i n  t h e  beg inn ing  o f  t h e  secondary zone due t o  excess i ve  
secondary f i l m  c o o l l n g  a i r .  The t h i r d  and most s i g n l f i c a n t  f a c t o r  was t h e  
r e l a t i v e l y  s h o r t  p r i m a r y  zone residence t imes  of o n l y  9 t o  18 msec h o t  ( r e s i d -  
ence t i m e  determined by gas c o n d i t i o n s  i n  t h e  p r imary  zone as opposed t o  c o l d  
res idence  t imes  which a r e  based on combustor i n l e t  c o n d i t i o n s ) .  T h i s  low- 
p r imary  zone r e s i d e n c e  t i m e  r e s u l t e d  f rom a des ign  c o n s t r a i n t  t h a t  d i c t a t e d  
t h e  v a r i a b l e  geometry combustor could n o t  be s i q n l f i c a n t l y  l a r g e r  i n  l e n a t h  o r  
d iameter  than  a t y p i c a l  l e a n  burn combustor. Th i s  was an unreasonable con- 
s t r a i n t ,  as o t h e r s  have suggested s i g n i f i c a n t l y  l a r g e r  combustors be used t o  
address t h e  FBN problem. Work performed a t  seve ra l  engine manu fac tu re rs  under 
t h e  ACT, Advanced Conversion Technology Program, a DOE funded-NASA managed 
e f f o r t  showed how s i g n i f i c a n t l y  l a r g e r  combustors c o u l d  be u t i l i z e d  on e x i s t i n g  
enqines ( r e f s .  4 t o  6 ) .  
P a t t e r n  F a c t o r  
F j g u r e  11 S X D L ~ S  p a t t e r n  f a c t o r  t o  be o n l y  a f u i i i t i o n  o f  power c o n d i t i o n .  
P a t t e r n  f a c t o r  i s  p l o t t e d  as a f u n c t i o n  o f  power l e v e l  f o r  a t y p i c a l  f i x e d  geom- 
e t r y  combustor and t h e  v a r i a b l e  geometry combustor. The v a r i a b l e  geometry com- 
b u s t o r  d a t a  a r e  a l s o  broken down by f u e l  t ype .  I t  can be seen t h a t  a s i n g l e  
cu rve  can be p l o t t e d  th rough  a l l  t h e  data.  Cons ide r ing  t h e  numerous d i f f e r e n c e s ,  
i t  would appear t h a t  t h i s  i s  p r i m a r i l y  co inc idence  a l though  t h e  two combustors 
have t h e  same e x i t  p l a n e  and approximate volume. 
SUMMARY OF RESULTS 
A t e s t  r i g  u s i n g  p r o t o t y p e  combustor hardware, was operated over  a range 
o f  c o n d i t i o n s  s i m u l a t i n g  a 12 : l  pressure r a t i o  engine w i t h  o p e r a t i n g  p o i n t s  
r a n g i n g  f rom i d l e  t o  f u l l  power. SRC-I1 m i d d l e  d i s t i l l a g e  number 4 h e a t i n g  o i l  
was used i n  these  t e s t s .  The t e s t  used two types o f  hardware. One was a f i x e d  
geometry combustor can, and t h e  o t h e r  was an advanced des ign  r i c h - b u r n  t h r e e  
segment combustor u s i n g  v a r i a b l e  geometry t o  c o n t r o l  t h e  equ iva lence  r a t i o  i n  
each s e c t o r .  The v a r i a b l e  geometry combustor u t i l i z e d  steam c o o l i n g  t o  main- 
t a i n  r i c h - b u r n  p r i m a r y  combustor l i n e r  i n t e g r i t y .  The r i c h - b u r n  p r i m a r y  zone 
was f o l l o w e d  by a lean-burn secondary zone and a t e r t i a r y  o r  d i l u t i o n  zone. 
The three-stage v a r i a b l e  geometry r i c h - b u r n  combustor r e s u l t s  a re :  
1. V a r i a b l e  geometry p rov ided a s a t l s f a c t o r y  means o f  m a l n t a l n i n g  equiva- 
lence r a t i o  c o n t r o l  i n  mu l t i zone combustors. 
2. Steam c o o l l n g  prov ides  a s a t i s f a c t o r y  technique f o r  p r o v i d i n g  l i n e r  
d u r a b i l l t y  i n  r i c h - b u r n  systems. 
f o r  us ing  l e s s  s t r a t e g i c  m a t e r l a l s  f o r  combustor l i n e r s  due t o  t h e i r  lower 
o p e r a t l n g  temperatures. 
Steam cooled pr imary zones p r o v i d e  p o t e n t i a l  
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PLENUM INSTRUMENTATION TEST SECTION SECTION 
Figure 1. - Cross section of NASA variable geometry combustor. 
m 
INDIRECT FIRED AIR METERING 






(a) Schematic of test rig. 
Figure 2 -Test rig. 
1 
(b) I nctallation phntn nf cornhiidor riq. 
Figure 2. - Continued. 
Figure 3. - Assembled steam cooled pr imary zone, variable geometry combustor, 
C-81-4309 
(a) Variable bladeangle p r imary  zone in le t  a i r  swirler. 
F igu re  4 - Detail view of steam cooled p r imary  zone, variable geometry combustor hardware. 
(c) Variable area quench hole, secondary combustion zone section of r i ch-  
lean variable geometry combustor, 




(d) Variable area d i l u t i on  hole. t e r t i a ry  zone section of r ich- lean variable 
Figure 4 - Concluded. 
geometry combustor. 
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Figure 6. - Steam cooled r i c h - b u r n  combustor steam en- 
ergy increase as ii f unc t i on  of power level and  fi;el type 
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Figure 8. - Steam cooled r i c h - b u r n  combustor 
l i n e r  temperature as a func t i on  of power 
level and fue l  type at  a p r imary  equivalence 
rat io of 1.4. 
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Figure 9. - Typical variable geometry combustor total pressure loss 
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Figure 10.- Percent total pressure loss as a 
funct ion of power level and  combustor type. 
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Figure 11. - Pattern factor as a func t i on  of power level, 
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